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Abstract

Accurate	species	identification	and	reliable	reconstruction	of	phylogenetic	relationships	in	many	plant
groups	remain	challenging	because	they	are	often	characterized	by	rapid	evolutionary	radiations,
pronounced	geographic	structuring,	and	an	uneven	distribution	of	informative	plastid	variation	across	the
chloroplast	genome.	In	this	context,	plastome-scale	analyses	provide	an	efficient	route	to	identify	lineage-
informative	regions	that	outperform	traditional	single-locus	markers	for	closely	related	taxa.	Here	we
profile	chloroplast	nucleotide	diversity	(Pi)	in	Salvia	to	quantify	how	variation	is	partitioned	along	the
chloroplast	genome	and	to	define	a	practical	framework	for	marker	selection	targeted	to	Central	Asian
endemic	lineages.	Complete	chloroplast	genomes	were	aligned	and	analyzed	using	a	sliding-window
approach	to	quantify	Pi	across	protein-coding	genes	(CDS)	and	intergenic	spacers	(IGS).	The	results	show
that	nucleotide	diversity	is	concentrated	predominantly	in	non-coding	regions,	especially	intergenic
spacers,	whereas	most	protein-coding	genes	remain	comparatively	conserved,	consistent	with	functional
constraints	on	plastid	gene	evolution.	High-Pi	peaks	occur	predominantly	in	non-coding	spacers	and	SSC-
associated	segments,	indicating	that	marker	performance	can	be	substantially	improved	by	prioritizing	a
small	panel	of	hotspot	loci	rather	than	relying	on	widely	used	but	low-variation	regions.	As	the	most
informative	and	consistently	high-variability	candidate	markers	for	Salvia,	we	identified	the	intergenic
regions	ccsA--ndhD,	trnG-GCC--trnfM-CAU,	trnW-CCA--trnP-UGG,	trnH-GUG--psbA,	atpI--rps2,	rpl32--trnL-
UAG	as	well	as	the	protein-coding	loci	ycf1,	matK,	rpl16,	rpl22,	ndhF.	Taken	together,	these	findings
indicate	that	plastome	nucleotide-diversity	profiling	offers	a	robust,	data-driven	basis	for	primer
development,	DNA	barcoding,	and	improved	phylogenetic	inference	in	Salvia,	supporting	future	taxonomic
and	biogeographic	studies	of	Central	Asian	diversity.
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Introduction

The	selection	of	molecular	markers	for	phylogenetic	and	population-level	studies	largely	depends	on
accurately	identifying	the	most	variable	regions	of	the	genome.	A	widely	used	quantitative	measure	of
sequence	variability	is	nucleotide	diversity	(Pi),	introduced	by	Tajima	(1983).	Pi	is	defined	as	the
average	number	of	nucleotide	differences	per	site	between	all	possible	pairs	of	sequences	in	a	sample
and	reflects	the	level	of	within-group	genetic	variation.	Accordingly,	Pi	provides	an	objective	criterion
for	comparing	the	informativeness	of	different	genes	and	intergenic	regions	and	enables	targeted
selection	of	candidate	loci	for	primer	development	and	molecular	discrimination	of	closely	related	taxa.

Advances	in	plastome	genomics	have	greatly	expanded	the	toolkit	for	plant	systematics	and	DNA-based
identification.	Analyses	of	complete	chloroplast	genomes	make	it	possible	not	only	to	use	traditional
single-locus	markers	but	also	to	detect	genus-	and	lineage-specific	"hotspots"	of	variation.	Sliding-
window	analysis,	implemented	for	example	in	DnaSP	v6	(Rozas	et	al.,	2017),	is	widely	applied	to	map
variability	along	the	plastome.	High	Pi	values	indicate	regions	with	accelerated	accumulation	of
substitutions	and	thus	high	potential	for	distinguishing	closely	related	species	and,	when	needed,
populations,	whereas	low	Pi	values	reflect	conserved	segments	with	limited	utility	at	shallow	taxonomic
levels.	In	angiosperms,	plastome	divergence	is	typically	concentrated	in	non-coding	regions,	especially
intergenic	spacers	(IGS)	and	introns,	predominantly	within	the	large	single-copy	(LSC)	and	small	single-
copy	(SSC)	regions,	while	the	inverted	repeats	(IR)	remain	the	most	conserved.

Several	studies	on	Salvia	and	other	genera	of	Lamiaceae,	largely	focusing	on	European	floras	and
widely	distributed	East	Asian	taxa	(Nyamgerel	et	al.,	2025;	Yu	et	al.,	2023;	Gao	et	al.,	2020;	Zhao	et	al.,
2020a),	have	identified	a	set	of	broadly	useful	variable	loci	suitable	for	primer	design	and	molecular
discrimination	within	the	genus.	For	Salvia,	these	include	trnK--rps16,	rps16--trnQ,	psbK--psbC,	atpH--
atpI,	rpoB--trnC--petN,	trnE--trnT,	rbcL--accD,	petA--psbJ,	rpl16,	rps3--rpl22,	rpl32--trnL--ccsA,	ccsA--
ndhD,	ndhG--ndhI,	ndhA,	rps15--ycf1,	matK,	ndhF,	and	ycf1	(Zhao	et	al.,	2020b).	The	effectiveness	of	Pi-
guided	marker	selection	has	also	been	supported	by	studies	on	taxon	discrimination	within	several
Lamiaceae	genera	(Shang	et	al.,	2023;	Zhao	et	al.,	2024),	demonstrating	that	highly	variable	regions
provide	more	reliable	separation	of	closely	related	species.

Nevertheless,	regional,	locally	rare,	and	endemic	Central	Asian	taxa,	including	those	of	Uzbekistan,
remain	underrepresented	in	plastome-based	studies	of	Salvia.	Expanding	both	geographic	and
taxonomic	coverage	can	reveal	additional	patterns	of	variation	and	lineage-informative	loci	that	may	not
be	detected	in	datasets	dominated	by	widely	distributed	species.	Therefore,	the	aim	of	this	study	is	to
generate	a	plastome-wide	nucleotide-diversity	profile	for	Salvia	and	to	identify	the	most	informative
candidate	regions	for	downstream	primer	development,	DNA	barcoding,	and	improved	phylogenetic
inference	of	Central	Asian	lineages	of	the	genus.

Materials	and	Methods



Plastome	Data	Acquisition	and	Taxon	Sampling

Complete	chloroplast	genome	sequences	were	obtained	from	the	National	Center	for	Biotechnology
Information	(NCBI)	GenBank	database	(https://www.ncbi.nlm.nih.gov/genbank/).	The	dataset	comprised
representative	species	from	Salvia	across	major	geographic	regions,	with	particular	emphasis	on
Central	Asian	taxa	to	ensure	adequate	representation	of	the	region	endemic	and	locally	distributed
lineages.	Species	selection	prioritized	taxonomic	coverage	across	recognized	subgenera	and	sections,	as
well	as	phylogenetic	diversity	based	on	recent	molecular	studies	(Wu	et	al.,	2021;	Moein	et	al.,	2023).
Only	complete,	annotated	plastome	sequences	were	included	to	ensure	consistency	in	downstream
analyses.

Sequence	Alignment	and	Quality	Control

Plastome	sequences	were	aligned	using	MAFFT	v7.490	(Katoh	and	Standley,	2013)	with	the	FFT-NS-i
iterative	refinement	method	to	accommodate	length	variation	in	intergenic	regions.	The	alignment	was
manually	inspected	and	refined	in	AliView	v1.28	(Larsson,	2014)	to	correct	potential	misalignments,
particularly	in	hypervariable	intergenic	spacers	and	indel-rich	regions.	Ambiguously	aligned	positions
and	regions	with	extensive	gaps	were	flagged	for	interpretation	but	retained	in	the	dataset	to	preserve
information	content	for	subsequent	diversity	calculations.

Nucleotide	Diversity	Analysis

Nucleotide	diversity	(Pi)	was	calculated	using	DnaSP	v6.12.03	(Rozas	et	al.,	2017),	a	specialized
software	package	for	analyzing	DNA	sequence	polymorphism	and	estimating	evolutionary	parameters
from	multiple	sequence	alignments.	Pi	represents	the	average	number	of	nucleotide	differences	per	site
between	any	two	sequences	and	is	computed	as:

Pi	=	Σ	xi	xj	πij

where	xi	and	xj	are	the	respective	frequencies	of	the	ith	and	jth	sequences,	and	πij	is	the	number	of
nucleotide	differences	per	site	between	them.

A	sliding-window	approach	was	employed	to	profile	variation	continuously	across	the	plastome.	The
window	size	was	set	to	600	bp	with	a	step	size	of	200	bp,	parameters	chosen	to	balance	regional
resolution	with	adequate	sampling	of	local	polymorphism.	These	settings	allow	detection	of	localized
peaks	in	variability	while	maintaining	sufficient	statistical	power	for	Pi	estimation	within	each	window.

Analyses	were	conducted	separately	for	protein-coding	sequences	(CDS)	and	intergenic	spacers	(IGS)	to
distinguish	variation	attributable	to	functional	constraint	from	that	arising	in	putatively	neutral	or	less
constrained	regions.	Coding	sequences	were	extracted	based	on	GenBank	annotations,	and	IGS	regions
were	defined	as	sequences	flanked	by	adjacent	genes	or	tRNAs.	Introns	within	coding	genes	were
analyzed	as	part	of	the	IGS	category.	Pi	values	were	plotted	along	the	plastome	coordinate	axis	to
visualize	variation	hotspots	and	identify	candidate	loci	for	downstream	applications.

Comparative	Analysis	and	Marker	Identification

To	contextualize	patterns	observed	in	Central	Asian	Salvia,	we	performed	parallel	nucleotide-diversity
analyses	on	Old	World	(Central	Asian,	Mediterranean,	and	East	Asian)	and	New	World	taxa.
Comparative	profiling	was	conducted	using	identical	window	parameters	and	analytical	settings	to
ensure	methodological	consistency.	Regions	exhibiting	consistently	high	Pi	across	multiple	phylogenetic
groups	were	prioritized	as	candidate	markers	for	broader	applicability	in	Salvia	systematics.

Candidate	markers	were	selected	based	on	multiple	criteria:	(1)	high	Pi	values	(>0.02)	indicating
substantial	variation,	(2)	consistent	performance	across	different	Salvia	lineages,	(3)	appropriate	length
for	PCR	amplification	and	Sanger	sequencing	(300--1500	bp),	and	(4)	presence	of	conserved	flanking
regions	suitable	for	universal	or	semi-universal	primer	design.	Both	intergenic	spacers	and	protein-
coding	genes	meeting	these	criteria	were	retained	as	recommended	loci	for	future	phylogenetic	and
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DNA	barcoding	studies.

Results

Plastome-wide	Nucleotide	Diversity	Patterns

Sliding-window	analysis	of	nucleotide	diversity	across	the	Salvia	chloroplast	genome	revealed
pronounced	heterogeneity	in	variation	levels	(Fig.	1).	Overall	Pi	values	ranged	from	near	zero	in	highly
conserved	regions	to	approximately	0.06	in	the	most	variable	intergenic	spacers.	As	expected,	the
majority	of	high-variability	peaks	occurred	in	non-coding	regions,	particularly	intergenic	spacers	(IGS),
while	protein-coding	sequences	(CDS)	exhibited	substantially	lower	diversity	consistent	with	purifying
selection.

Figure	1.	Nucleotide	diversity	(Pi)	across	the	complete	chloroplast	genome

Nucleotide	diversity	(Pi)	across	the	complete	chloroplast	genome	of	Salvia	calculated	using	a	sliding-window	approach
(window	size:	600	bp,	step	size:	200	bp).	The	x-axis	represents	the	position	along	the	plastome,	and	the	y-axis	represents	Pi
values.	Major	variability	hotspots	are	labeled.

Distribution	of	Variation	in	Coding	vs.	Non-coding	Regions

When	analyzed	separately,	intergenic	spacers	(IGS)	showed	mean	Pi	values	approximately	3--4	times
higher	than	those	of	protein-coding	regions	(Fig.	2).	The	most	variable	intergenic	spacers	included	ccsA-
-ndhD,	trnG-GCC--trnfM-CAU,	trnW-CCA--trnP-UGG,	trnH-GUG--psbA,	atpI--rps2,	and	rpl32--trnL-UAG,
with	Pi	values	reaching	0.05--0.06	in	Central	Asian	taxa.	These	regions	consistently	outperformed
traditional	barcoding	loci	in	terms	of	sequence	variation	and	thus	offer	superior	potential	for	species-
level	discrimination.



Figure	2.	Comparison	of	nucleotide	diversity	between	CDS	and	IGS

Comparison	of	nucleotide	diversity	between	protein-coding	sequences	(CDS)	and	intergenic	spacers	(IGS)	in	Salvia	plastomes.
IGS	regions	exhibit	significantly	higher	variation	consistent	with	relaxed	functional	constraints.

Among	protein-coding	genes,	ycf1,	matK,	rpl16,	rpl22,	and	ndhF	displayed	the	highest	nucleotide
diversity	(Pi	=	0.015--0.025).	The	gene	ycf1,	in	particular,	exhibited	elevated	polymorphism	across	its
entire	length,	making	it	a	strong	candidate	for	phylogenetic	studies	at	multiple	taxonomic	levels.	In
contrast,	photosystem	genes	(psa	and	psb	families)	and	ribosomal	proteins	remained	highly	conserved
(Pi	<	0.005),	reflecting	strong	purifying	selection	associated	with	their	essential	cellular	functions.

Regional	Hotspots	of	Chloroplast	Variation

High-variability	hotspots	were	not	uniformly	distributed	across	the	plastome	but	instead	clustered	in
specific	regions	(Fig.	3).	The	small	single-copy	(SSC)	region	exhibited	disproportionately	high	diversity
relative	to	its	size,	with	several	intergenic	spacers	(e.g.,	ccsA--ndhD,	ndhG--ndhI)	and	the	terminal
portion	of	ycf1	contributing	substantially	to	overall	plastome	variation.	Within	the	large	single-copy
(LSC)	region,	hotspots	were	associated	primarily	with	intergenic	spacers	located	between	tRNA	genes
and	functionally	unrelated	protein-coding	loci.

Figure	3.	Regional	distribution	of	nucleotide	diversity	hotspots

Regional	distribution	of	nucleotide	diversity	hotspots	across	the	Salvia	chloroplast	genome.	The	SSC	region	shows
disproportionately	high	variation,	while	inverted	repeats	(IRa	and	IRb)	remain	highly	conserved.

Comparative	Analysis:	Old	World	vs.	New	World	Salvia

Comparative	nucleotide-diversity	profiling	revealed	substantial	differences	between	Old	World
(including	Central	Asian)	and	New	World	Salvia	lineages	(Fig.	4,	Fig.	5).	Old	World	taxa,	which
represent	evolutionarily	older	lineages,	exhibited	higher	overall	plastome	variability	(maximum	Pi	≈
0.06)	compared	to	New	World	taxa	(maximum	Pi	≈	0.04).	Despite	these	differences	in	magnitude,	the
same	loci	(trnH--psbA,	atpH--atpI,	accD,	rpl32--trnL,	ycf1)	emerged	as	variability	peaks	in	both	groups,
indicating	that	these	regions	are	consistently	informative	across	Salvia	regardless	of	geographic	origin.



Figure	4.	Nucleotide	diversity	profile	for	Old	World	Salvia	taxa

Nucleotide	diversity	profile	for	Old	World	Salvia	taxa	(Central	Asian,	Mediterranean,	and	East	Asian	lineages).	Higher	overall
Pi	values	reflect	greater	evolutionary	age	and	time	for	mutation	accumulation.

Figure	5.	Nucleotide	diversity	profile	for	New	World	Salvia	taxa

Nucleotide	diversity	profile	for	New	World	Salvia	taxa	(primarily	subgenus	Calosphace).	Lower	Pi	values	reflect	more	recent
diversification	and	less	time	for	mutational	accumulation	compared	to	Old	World	lineages.

Discussion

Plastome	Evolution	and	Nucleotide	Diversity	Patterns

Our	results	demonstrate	that	nucleotide	diversity	in	the	Salvia	chloroplast	genome	is	strongly
partitioned	between	coding	and	non-coding	regions,	with	intergenic	spacers	exhibiting	substantially
higher	variation	than	protein-coding	sequences.	This	pattern	is	consistent	with	expectations	based	on
functional	constraint:	coding	regions,	particularly	those	encoding	photosynthetic	and	ribosomal
proteins,	are	under	strong	purifying	selection	to	maintain	protein	function,	whereas	intergenic	spacers
experience	relaxed	constraint	and	accumulate	substitutions	more	freely	(Kelchner,	2000;	Dong	et	al.,
2012).

The	elevated	diversity	observed	in	the	SSC	region	relative	to	the	LSC	and	IR	regions	has	been
documented	in	other	angiosperm	lineages	and	likely	reflects	both	the	absence	of	stabilizing	selection
typical	of	IR-mediated	gene	conversion	and	the	presence	of	genes	(ndh	complex,	ycf1)	that	are	less



functionally	constrained	than	photosystem	components.	The	gene	ycf1,	which	encodes	a	large	protein
involved	in	protein	translocation,	has	been	widely	recognized	as	one	of	the	most	variable	plastid	loci	and
has	proven	useful	for	species-level	phylogenetics	across	multiple	plant	families,	including	Lamiaceae
(Chen	et	al.,	2023).

Evolutionary	History	and	Geographic	Context

The	observed	differences	in	nucleotide	diversity	between	Old	World	and	New	World	Salvia	are	best
explained	by	differences	in	evolutionary	age	and	diversification	history.	Old	World	lineages,	particularly
those	from	Central	Asia	and	the	Mediterranean,	represent	older	clades	that	have	had	more	time	to
accumulate	plastome	variation.	Phylogenetic	and	biogeographic	analyses	(e.g.,	Chen	et	al.,	2022;	Moein
et	al.,	2023)	indicate	that	Salvia	originated	in	the	Old	World,	likely	in	the	Irano-Turanian	region,	during
the	Oligocene	to	early	Miocene.	These	lineages	subsequently	underwent	extensive	diversification	across
temperate	Eurasia	and	the	Mediterranean,	providing	ample	time	for	mutation	accumulation.

In	contrast,	New	World	Salvia,	particularly	the	large	subgenus	Calosphace,	represents	a	much	younger
radiation.	Molecular	dating	studies	(Kriebel	et	al.,	2019)	estimate	that	the	major	diversification	of
Calosphace	occurred	around	15	Ma,	with	dispersal	from	Mexico	into	Central	and	South	America
beginning	no	earlier	than	~12	Ma	and	continuing	into	the	Late	Miocene	and	Pliocene.	Consequently,
New	World	lineages	have	had	approximately	half	the	time	available	for	plastome	divergence	compared
to	their	Old	World	relatives,	which	is	reflected	in	the	lower	maximum	Pi	values	observed	in	our	analyses.

Additionally,	environmental	factors	may	have	influenced	the	rate	of	plastome	evolution.	Central	Asian
Salvia	species	often	inhabit	arid	and	semi-arid	environments	characterized	by	strong	climatic
seasonality	and	variable	water	availability.	Such	conditions	may	have	promoted	adaptive	diversification
and	potentially	accelerated	the	fixation	of	plastid	mutations	linked	to	photosynthetic	efficiency	or	stress
tolerance,	though	direct	evidence	for	adaptive	plastome	evolution	in	Salvia	remains	limited.

Implications	for	Marker	Selection	and	Phylogenetic	Inference

The	identification	of	high-variability	loci	provides	a	clear,	data-driven	basis	for	selecting	molecular
markers	tailored	to	specific	phylogenetic	or	population-genetic	questions.	For	species-level
phylogenetics	and	DNA	barcoding	within	Central	Asian	Salvia,	the	intergenic	spacers	ccsA--ndhD,	trnG-
GCC--trnfM-CAU,	trnW-CCA--trnP-UGG,	trnH-GUG--psbA,	atpI--rps2,	and	rpl32--trnL-UAG	offer	superior
resolution	compared	to	traditional	single-locus	barcodes	such	as	matK	or	rbcL.	These	regions	not	only
exhibit	high	Pi	values	but	also	show	consistent	variability	across	different	Salvia	lineages,	making	them
broadly	applicable	for	molecular	discrimination.

Among	protein-coding	genes,	ycf1,	matK,	rpl16,	rpl22,	and	ndhF	represent	the	best	candidates	for
phylogenetic	reconstruction	at	deeper	taxonomic	levels	(e.g.,	subgenus	or	section).	The	gene	ycf1,	in
particular,	combines	high	variability	with	sufficient	length	(~5--6	kb)	to	provide	robust	phylogenetic
signal	and	has	been	successfully	employed	in	studies	of	Lamiaceae	phylogeny	(Wu	et	al.,	2021;	Zhao	et
al.,	2020b).

It	is	important	to	note	that	the	informativeness	of	any	marker	depends	on	the	evolutionary	scale	of	the
question.	For	shallow-level	analyses	(e.g.,	intraspecific	population	structure),	the	most	variable
intergenic	spacers	will	be	essential.	For	deeper	phylogenetic	questions	(e.g.,	relationships	among
subgenera),	moderately	variable	coding	genes	such	as	matK	and	ndhF	may	be	more	suitable,	as	they
accumulate	substitutions	at	a	slower	rate	and	are	less	prone	to	homoplasy.

Future	Directions

While	the	present	study	provides	a	comprehensive	plastome-wide	diversity	profile	for	Salvia,	several
avenues	for	future	research	remain.	First,	the	development	and	empirical	testing	of	universal	or	semi-
universal	primers	targeting	the	high-variability	loci	identified	here	will	be	essential	to	translate	these
findings	into	practical	tools	for	field-based	studies	and	herbarium-based	DNA	barcoding	initiatives.



Second,	integration	of	plastome	data	with	nuclear	markers	(e.g.,	low-copy	nuclear	genes,	restriction-site
associated	DNA	sequencing)	would	provide	a	more	complete	picture	of	Salvia	evolutionary	history,
particularly	in	cases	where	plastid	introgression	or	incomplete	lineage	sorting	may	confound
phylogenetic	inference.

Third,	expanding	geographic	and	taxonomic	sampling	to	include	additional	Central	Asian	endemics	and
rare	taxa	will	improve	the	representativeness	of	diversity	estimates	and	may	reveal	region-specific
variability	hotspots	not	detected	in	the	present	analysis.	Finally,	population-level	sampling	of	selected
species	across	environmental	gradients	would	enable	investigation	of	potential	adaptive	signals	in
plastome	variation,	complementing	the	neutral	evolutionary	processes	that	predominantly	shape
chloroplast	genome	evolution.

Conclusions

In	summary,	our	nucleotide-diversity	profiling	of	the	Salvia	chloroplast	genome	reveals	that	variation	is
concentrated	in	intergenic	spacers	and	a	subset	of	protein-coding	genes,	with	substantial	differences	in
overall	diversity	between	Old	World	and	New	World	lineages	reflecting	their	differing	evolutionary	ages.
The	high-variability	loci	identified	here—ccsA--ndhD,	trnG-GCC--trnfM-CAU,	trnW-CCA--trnP-UGG,	trnH-
GUG--psbA,	atpI--rps2,	rpl32--trnL-UAG,	ycf1,	matK,	rpl16,	rpl22,	and	ndhF—provide	a	robust,	empirically
validated	foundation	for	primer	development,	DNA	barcoding,	and	improved	phylogenetic	inference	in
Salvia.	These	findings	support	future	taxonomic,	biogeographic,	and	conservation	studies	of	Central	Asian
plant	diversity	and	demonstrate	the	value	of	plastome-scale	analyses	for	optimizing	marker	selection	in
complex	and	rapidly	evolving	plant	groups.

Data	&	Code	Availability

Chloroplast	genome	sequences	used	in	this	study	are	publicly	available	from	the	NCBI	GenBank
database	(https://www.ncbi.nlm.nih.gov/genbank/).	Alignment	files	and	nucleotide	diversity	profiles	are
available	upon	request	from	the	corresponding	author.
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